Abstract
Methods and findings
A cohort of 174 first cadaveric kidney allograft recipients and their donors were selected from a total cohort of 657 transplanted patients for retrospective immunogenetic analyses. Patients with HLA Class II mismatches were excluded. HLA Class I allele frequencies were compared among patients with chronic rejection, patients with stable graft function and a group of 2388 healthy controls. Activating and inhibitory KIR gene frequencies, KIR haplotypes, KIR-HLA ligand matches/mismatches and combinations of recipient KIRs and donor a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
Introduction
Current advances in transplantation techniques and the improvement achieved in patient management through innovative approaches to immunosuppressive therapy and anti-infective prophylaxis, has resulted in a reduction of acute (AR) and chronic (CR) rejection episodes. Nonetheless, immunological rejection continues to cause loss of graft function and a decrease in overall survival rates [1, 2] .
One of the main factors determining a successful outcome of kidney transplantation is the compatibility between the donor and recipient for human leukocyte antigen (HLA) genes of the major histocompatibility complex (MHC), particularly those of class II [3, 4] . The complex immunological mechanisms underlying acute and chronic rejection involve both humoral and cell-mediated immunity. Rejection of the allograft is largely dependent upon T cell response to HLA incompatibility. Alloreactive T cells recognize major and minor HLA histocompatibility antigens via their specific T cell receptors (TCR) and thereby trigger multiple and complex effector functions [2, 5, 6] . On the other hand, evidence continues to emerge that alloreactive natural killer (NK) cells also have a key role in immune response mechanisms elicited by the allograft. It has been shown that NK cells infiltrate kidney allografts [7] [8] [9] and that increased numbers of NK cells are found in the peripheral blood of patients acutely rejecting kidney graft [10] . Moreover, increased cytotoxicity of recipient NK cells against donor peripheral blood cells has been described in vitro [11] .
Human NK cells express multiple receptors that interact with HLA class I molecules. These receptors pertain to either the immunoglobulin-like superfamily or the C-type-lectin-like receptor superfamily. Killer immunoglobulin-like receptors (KIRs) are key regulators of NK cell activity and predominantly recognize classical HLA class I molecules.
Historical nomenclature distinguishes two groups of KIR haplotypes. Group A haplotypes contain a fixed set of 7 KIR genes (the KIR3DL3, KIR2DL1, KIR2DL3, KIR2DL4, KIR3DL1 and KIR3DL2 inhibitory KIR genes and the KIR2DS4 activating KIR gene) whereas Group B haplotypes embrace all other KIR haplotypes with different combinations of activating and inhibitory KIR genes and at least one of the specific KIR genes, KIR2DS1, KIR2DS2, KIR2DS3, KIR2DS5, KIR3DS1, KIR2DL2 and KIR2DL5 [12, 13] . It is noteworthy that up to 70% of Caucasian individuals who are homozygous for KIR haplotype A exclusively carry non-functional deletion variants of KIR2DS4 [14] which means that they do not express activating KIRs on the NK cell surface.
KIR ligands are HLA-C and HLA-B molecules that have been divided into 3 different categories according to the amino acid sequence determining the KIR-binding epitope. HLA-C alleles have been assigned to HLA-C group 1 (C1) or HLA-C group 2 (C2), depending on whether there is an asparagine or lysine at position 80 of the alpha-1 domain of the alpha helix [15, 16] . Most HLA-B alleles can be distinguished by the presence of the serological epitopes Bw4 and Bw6 but only those bearing the HLA-Bw4 motif serve as ligands for KIRs.
The KIR2DL2 and KIR2DL3 inhibitory receptors and the KIR2DS2 activating receptor bind HLA-C1 KIR ligands while the KIR2DL1 inhibitory receptor and the KIR2DS1 activating receptor bind HLA-C2 KIR ligands. The KIR3DL1 inhibitory receptor binds the HLA-Bw4 KIR ligand. Several reports also suggest binding between the KIR3DS1 activating receptor and HLA-Bw4. However, it has recently been shown that the six amino acid differences in the external domains that distinguish KIR3DL1 from KIR3DS1 are sufficient to completely suppress interaction of KIR3DS1 with HLA molecules containing the HLA-Bw4 epitope. Indeed, there is no experimental evidence demonstrating that interaction between KIR3DS1 and HLA-Bw4 physically occurs [17] . Although it has been well established that this activating receptor is implicated in a large variety of human diseases, a ligand that would account for its biological effects remains unknown. Only very recently, Garcia-Beltran et al. demonstrated that KIR3DS1 binds to HLA-F, a result which they confirmed biochemically and functionally [18] . Other factors capable of influencing KIR-mediated NK cell licensing and inhibition are variations in KIR-ligand interactions and binding affinities. For example, it has been shown that some antigens of KIR2DL2 and KIR2DL3 are also capable of interacting with HLA-C2 ligands [19, 20] .
Healthy cells expressing normal HLA Class I molecules are spared by inhibitory receptors on the NK cell surface. However, cells damaged by viral infection or neoplastic transformation may lose HLA Class I expression and be eliminated by NK cells.
Because HLA and KIR ligands are highly polymorphic, inhibitory KIRs expressed by NK cells of solid organ transplant recipients with donors mismatched for HLA KIR ligands, may not recognize HLA Class I molecules of donor cells and generate NK cell alloreactivity against the transplanted organ. A similar reaction in the opposite direction has been described in hematopoietic stem cell transplantation [21, 22] . Moreover, certain KIR genotypes together with their specific HLA Class I ligands could also influence kidney transplantation outcome by interfering with the efficacy of immunosuppressive therapies. Interference of KIR-ligand interactions with drug effectiveness has already been described in allogeneic transplantation of hematopoietic stem cells and onco-hematological disorders such as chronic myeloid leukemia [23] [24] [25] .
KIRs are also expressed on a fraction of cytotoxic T cells such as CD8+ T cells, gamma delta T lymphocytes and especially CD4+CD28-cytotoxic T cells which have been implicated in the mechanisms leading to autoimmune vasculitis [26] [27] [28] , suggesting a potential influence of KIRs on T-cell mediated anti-graft response.
Although the knowledge acquired so far has been impressive, many questions remain unanswered. In organ transplantation, interaction between HLA and KIRs expressed on donor and recipient cells and their role in NK cell-mediated alloreactivity requires further investigation.
In the present study, we investigated the clinical impact of these interactions on the development and course of chronic rejection with particular emphasis on recipient KIRs and donor HLA class I ligands.
Materials and methods
From January 2005 to March 2014, 657 patients underwent kidney transplantation in the Organ Transplantation Center of the G. Brotzu Hospital in Cagliari, Italy. Documented negative results for standard complement-dependent cytotoxicity (CDC) T-and B-cell crossmatches were available for all patients. HLA Class II incompatibility is widely recognized as an important risk factor for antibody-mediated rejection, transplant glomerulopathy and allograft loss with HLA-DR mismatches having the greatest influence. For this reason, only recipient/ donor pairs fully matched for the HLA-DR locus were included in our study. In order to further reduce potential bias, also patients transplanted from a living donor or receiving a second allograft were excluded as well as patients presenting de novo anti-HLA antibodies equal to or above the threshold of 1500 Luminex mean fluorescence intensity (MFI) at the time of transplantation.
Altogether, 483 patients were excluded from the study leaving a cohort of 174 first cadaveric kidney allograft recipients and their donors for retrospective immunogenetic analysis. All 174 patients were systematically investigated for the clinical and immunological parameters known to have a major influence on the transplantation outcome: number of HLA class I (0-2 HLA-A, 0-2 HLA-B) mismatches, panel reactive antibodies (PRA) >50%, graft cold ischemia time, induction therapy and post-graft immunotherapy.
One hundred and thirty-two of the 174 patients had stable graft function (SGF) on the date of the last follow-up examination. The remaining 42 patients presented clinical signs of progressive kidney dysfunction attributable to chronic rejection, as diagnosed by the evaluation of biopsies according to Banff 1997 criteria with the modifications of the 10th Banff Conference held in 2009 [29] .
Ethics statement
The study was performed in adherence to the Declaration of Helsinki. 
Laboratory measurements
The percentage of PRA levels was determined in pre-transplantation sera of all 174 patients using an enzyme-linked immunosorbent assay (ELISA) methodology detecting reactive immunoglobulin G (IgG) against a panel of 81 HLA class I antigens and 47 HLA class II antigens (Lambda Antigen Tray Class I & II; One Lambda Inc., Canoga Park, CA, USA). Patients with PRA levels exceeding 50% were considered to be presensitized. The glomerular filtration rate (GFR) was calculated by the abbreviated 4-variable Modification of Diet in Renal Disease (MDRD) study equation [GFR = 175 × standardized scr-1.154 × age-0.203 × 1.212 (if black) × 0.742 (if female), where scr refers to serum creatinine measured in mg/dL]. This version of the formula includes the variables of age, sex, serum creatinine and ethnicity, and is currently the preferred method in nephrology clinical trials [30] .
HLA and KIR genotyping
High resolution typing of the HLA-A, -B, -C and DR loci was performed in patients and their donors using a polymerase chain reaction sequence-specific primer (PCR-SSP) method according to the manufacturer's instructions (Allele-specific PCR-SSP kits: Olerup SSP AB, Stockholm, Sweden).
HLA-C alleles were assigned to the C1 or C2 ligand category on the basis of the dimorphism (asparagine or lysine) at position 80 in the alpha helix.
HLA-B alleles were classified as either Bw4 or Bw6 according to the amino acid positions spanning positions 77-83. HLA-A23, -A24, and -A32 belong to the HLA-Bw4 group of serological epitopes.
Genomic DNA of patients and their donors was typed for the 14 KIR genes KIR2DL1, KIR2DL2, KIR2DL3, KIR2DL4, KIR2DL5, KIR3DL1, KIR3DL2, KIR3DL3, KIR2DS1, KIR2DS2, KIR2DS3, KIR2DS4, KIR2DS5 and KIR3DS1 using PCR with locus-specific primers as previously described [15, 31] . A group of 221 healthy controls underwent the same immunogenetic evaluation as the patients and their donors.
KIR2DS4 alleles bearing a 22-base pair (bp) deletion in exon 5 (KIR2DS4 non-functional deletion variants) were distinguished from functional KIR2DS4 alleles (KIR2DS4 full-length) using the method and set of primers described by Yawata et al. [32] .
Presence or absence of KIR-ligand mismatches, activating and inhibitory KIRs, KIR genotypes, KIR haplotype assignment and KIR-ligand combinations KIR-ligand mismatches were defined according to Ruggeri et al. [33] , considering that a mismatch requires the presence of the corresponding KIR to be detected. For example, a KIR2DL1-ligand mismatch requires the presence of the KIR2DL1 gene and an HLA-C group 2 allele (C2+) in the recipient, combined with the absence of HLA-C group 2 alleles in the donor (C2-). One mismatch was sufficient to classify the kidney transplant as KIR mismatched, since also in this case NK-cell mediated alloreactivity against the allograft may occur [34] [35] [36] .
Association of the number of activating or inhibitory KIRs with a potential effect on allograft outcome was investigated, taking into account that activating KIRs are encoded by KIR2DS1, KIR2DS2, KIR2DS3, KIR2DS4, KIR2DS5 and KIR3DS1 whereas inhibitory KIRs are encoded by KIR2DL1, KIR2DL2, KIR2DL3, KIR2DL5, KIR3DL1, KIR3DL2 and KIR3DL3. It has been reported that KIR2DL4 can exert both activating and inhibitory functions [37] .
KIR B haplotypes typically possess one or more of the following genes: KIR2DL5, KIR2DS1, KIR2DS2, KIR2DS3, KIR2DS5 and KIR3DS1. Because these genes are not present on KIR A haplotypes, patients homozygous for KIR A haplotypes (KIR genotype AA) could be distinguished from patients heterozygous or homozygous for KIR B haplotypes (KIR genotypes AB or BB, referred together as KIR genotype Bx) [13, 15] .
Particular attention was dedicated to KIR-ligand combinations because of their essential role in the process of licensing that leads to the maturation of functional and potentially alloreactive NK cell clones [38, 39] .
Statistical analysis
Summary statistics were calculated on the clinical and biochemical data of kidney transplant patients diagnosed with or without chronic rejection: interquartile ranges (IQR), medians, mean differences and standard deviations (SD) were calculated on all continuous variables; percentages and odds ratios (OR) were calculated on categorical data. P values and 95% confidence intervals (95% CI) were obtained using Student's t test or Fisher's two-tailed exact test, as appropriate.
HLA Class I allele frequencies were compared between 174 donors and a large group of 2388 Sardinian healthy controls, as well as between donors of patients with chronic rejection and donors of patients with stable graft function. Statistical significance was calculated using Fisher's two-tailed exact test. Only P values below 0.05 were considered to be statistically relevant.
KIR gene frequencies, KIR haplotypes, HLA-KIR ligands and combinations of recipient KIRs and donor HLA Class I ligands were compared among the different groups of patients and the group of 221 healthy controls. The incidence of chronic rejection was also investigated in relationship to single KIR-ligand mismatches/matches. The odds ratios, P values and 95% CI were calculated using Fisher's two-tailed exact test. The threshold of significance was 0.05.
Kaplan-Meier curves were used to illustrate the cumulative incidence of chronic rejection after the date of transplantation up to the date of clinical, histopathological, and immuno-histochemical detection or the date of the last follow-up or death with a functioning graft. Recipient and donor pairs were stratified in three groups according to whether they had both, one or none of the following combinations of recipient (r) KIRs and donor (d) HLA ligands: rKIR2DL1/dHLA-C2 and rKIR3DL1/dHLA-Bw4. This made it possible to distinguish between patients with high, partial or low levels of NK cell inhibition, respectively. The logrank test was used for comparisons of the different rKIR/dHLA-ligand combinations.
The rKIR2DL2/L3-dHLA-C1 combinations, well known to be an important axis of NK cell-target interactions in transplantation biology, were also investigated for association with chronic rejection in our study.
The mean GFR in the patients grouped according to high, partial or low NK cell inhibition was measured at 1, 6, 12, 24, 32, 48, 60 and 72 months from the date of transplantation. The group of patients with low NK cell inhibition was compared to the other two groups (high and partial NK cell inhibition) by calculating the area under the curve (AUC). Student's t test was used to establish statistical significance [40] . The AUC was calculated according to the trapezium formula 1 2 S i ðt iþ1 À t i Þðy i þ y iþ1 Þ, where t i is the time and y i the filtration value. The summation was extended to include all times at which GFR was measured.
Creatinine serum values were assessed at 1, 6, 12, 24, 32, 48, 60 and 72 months after kidney transplantation. Comparisons between patients with low NK cell inhibition and patients with high or partial NK cell inhibition were performed at each measurement time using Student's t test.
Statistical analysis was performed using R version 3.3.2 (The R Foundation for Statistical Computing, Vienna Austria).
Results
One hundred and seventy-four patients (26.5%) were selected from a total cohort of 657 subjects who underwent kidney transplantation from January 2005 to March 2014. One hundred and thirty-two (75.9%) of the patients included in our study never presented clinical or laboratory signs of organ damage. The remaining 42 patients showed a progressive decline in graft function attributable to chronic immunological rejection, confirmed in all cases by renal biopsies. The histological findings in all these patients were characterized by tubular atrophy and interstitial fibrosis. Most patients (79%) also presented interstitial lymphomonocyte infiltration. Only a few patients presented arterial intima infiltrates. Fifteen of the 42 patients showed the presence of C4d on biopsies. None of the patients had a clinical history of calcineurin inhibitor toxicity, hypertensive damage, BK virus or bacterial infections. All patients were compliant with post-transplantation immunosuppressive therapy.
The age, sex, clinical and immunological characteristics of the recipient/donor pairs are given in Table 1 .
No significant differences were found between the two groups of patients with or without rejection for age and gender of the donors and recipients. The patients had a median age of 50 years (IQR 43-62) and were prevalently males (66.6%). The donors had a median age of 47 years (IQR 33-59). Cytomegalovirus (CMV) serostatus was similar in the two groups. Also the causes determining renal insufficiency were similar. Moreover, there was considerable overlap between the treatment administered before and after transplantation (Table 1) .
Induction therapy was performed with antithymocyte globulin (ATG) in 9.2% of the cases with a higher percentage in the group with chronic rejection versus those with stable graft function (6/42, 14.3% vs 10/132, 7.6%). One hundred and twenty-one patients (69.5%) received post-transplantation immunosuppressive therapy according to a protocol based on sirolimus (rapamycin) or everolimus and steroids with or without cyclosporin or tacrolimus. Mycophenolate mofetil was administered to 46 patients (26.4%) either in combination with steroids or other immunosuppressive agents (cyclosporin or tacrolimus/everolimus or sirolimus). Overall, differences in immunosuppressive treatment schemes did not seem to influence the development of chronic rejection.
A higher percentage of hyperimmunized patients (PRA >50% against HLA Class I and II antigens) was found after transplantation in the group of patients with chronic rejection compared to the group of patients with stable graft function. This difference was only significant for HLA Class I antibodies [11.9% (5/42) vs 3.0% (4/132), OR = 0.2, 95% CI 0.1-1.2, P = 0.038; Table 1 ].
The number of HLA Class I (HLA-A, -B) mismatches (0-4) was not significantly different between the two groups.
The 1-year graft survival rate was 100% in both groups of patients, whereas the 3-year graft survival rate was lower in patients with chronic rejection compared to those with stable graft function (OR = 10.0, 95% CI 3.0-39.0, P = 2.4 x 10
−5
). Statistically significant differences were also observed for serum creatinine levels and GFR between patients with chronic rejection and those with stable graft function both at one and three years after transplantation ( Table 1) .
Analysis of Class I HLA loci revealed considerable overlap between the allele frequencies of the 174 recipient and donor pairs and a group of 2388 healthy controls from the Sardinian Voluntary Bone Marrow Donor Registry (S1 Table) . Interestingly, certain HLA class I antigens of the kidney grafts of the 42 patients with chronic rejection had a higher frequency when compared to those of the kidney grafts of 132 patients with stable graft function, particularly HLA-A Ã 24 and HLA-B Ã 14 (HLA-A Ã 24: 23.8% vs 5.3%, P = 5.0 x 10 −6 and HLA-B Ã 14: 16.7% vs 5.3%, P = 0.002; Table 2 ). Table 3 shows the frequencies of activating and inhibitory KIR genes and KIR haplotypes in 174 kidney transplant patients and 221 healthy controls. No significant differences were observed between the two groups. In comparisons between patients with chronic rejection and patients with stable graft function, a significant difference was only observed for the KIR3DL1 inhibitory KIR gene which was present with a lower frequency in the group of patients with chronic rejection (85.7% vs 95.5%, OR 0.29, 95% CI 0.09-0.94, P = 0.041). We also analyzed the frequencies of the deletion (DV) and full-length (FL) variants of the KIR2DS4 gene in the two groups of patients and healthy controls but did not find any significant differences (Table 3) . 
Transplantation outcome
Delayed graft function, days (mean ± SD) 1.5 ± 3. Each KIR-ligand mismatch was analyzed separately or in combination with 0, 1 or more than 1 mismatch. Mismatch of the combinations rKIR2DL2/L3+/dHLAC1-was present in 18.8% of the patients with chronic rejection and 7% of the patients with stable graft function. However, this difference did not reach statistical significance [18.8% (6/32) vs 7% (7/100), OR 3.03, 95% CI 0.8-11.6, P = 0.082]. No correlation was found for single or multiple KIR-ligand (Table 4) . One of the most relevant findings emerging from our study was the impact of differences in frequencies of the HLA-C1, -C2, and -Bw4 donor KIR ligands between patients with chronic rejection and those with stable graft function (Table 5) .
Indeed, donor homozygosity for the HLA-C1 ligand group (C1/C1) was significantly higher in patients with chronic rejection (33.3% vs 13.6%, OR 3.14, 95% CI 1.28-7.64, P = 0.006). Conversely, the frequencies of donors heterozygous for the HLA-C1 and -C2 ligand groups (C1/C2) or with epitopes pertaining to the HLA-Bw4 ligand group were significantly reduced in these patients (42.9% vs 62.1%, OR 0.46, 95% CI 0.21-0.98, P = 0.032 and 57.1% vs 75.8%, OR 0.43, 95% CI 0.19-0.95, P = 0.030, respectively; Table 5 ).
An even more interesting finding was the significantly reduced presence of the rKIR2DL1/ dHLA-C2 and rKIR3DL1/dHLA-Bw4 KIR-ligand combinations in patients with chronic rejection compared to those with stable graft function (66.7% vs 83.3%, OR 0.40, 95% CI 0.17-0.96, P = 0.028 and 47.6% vs 72.7%, OR 0.34, 95% CI 0.16-0.74, P = 0.004, respectively; Table 5 ).
The Kaplan-Meier curves clearly show that the cumulative incidence of chronic rejection is significantly higher in the group of patients completely lacking these combinations (low NK cell inhibition) compared to patients of the other two groups (log rank = 0.018; Fig 1) .
Modification of Diet in Renal Disease (MDRD)-estimated GFR confirmed the influence on graft function of the absence of rKIR2DL1/dHLA-C2 and rKIR3DL1/dHLA-Bw4 (low NK cell inhibition). In fact, patients with this low NK cell inhibition profile displayed an overall decline in GFR that was significantly stronger than in patients with high or partial NK cell inhibition profiles (P = 3.5 x 10
−14
). More specifically, at 12 months after transplantation, a progressively stronger decline in MDRD-estimated GFR was observed in the group of patients with low NK cell inhibition. The statistically significant difference observed at 24 months (10.1 ml/min per 1.73 m2, 95% CI 6.4-13.8, P = 2.8 x 10 ) after transplantation (Fig 2) . Also serum creatinine levels correlated with the presence or absence of rKIR2DL1/ dHLA-C2 and rKIR3DL1/dHLA-Bw4. Mean serum creatinine levels in patients with low NK cell inhibition were significantly higher than those of patients with high or partial NK cell inhibition at 24 months and continued to increase at 36 and 72 months (scr = 1.76 vs 1.32 mg/dL, P = 0.02; scr = 2.40 vs 1.31 mg/dL, P = 6.5 x 10 −4
; scr = 6.20 vs 1.28 mg/dL, P = 3.4 x 10 −10 ), respectively ( Table 6) .
Analysis of combinations of rKIR2DL2/L3-dHLA-C1 did not yield any statistically significant differences between patients with chronic rejection and patients with stable graft function (S2 Table) . These results were confirmed by Kaplan-Meier curves (S1 Fig). 
Discussion
Incompatibility for the HLA-A, -B and-DR class I and II loci remains the major obstacle to the successful outcome of kidney transplantation. Alongside the humoral immunological response mechanisms responsible for chronic antibody-mediated rejection, HLA mismatches between donors and recipients promotes the activation of CD4+ and CD8+ T cell-mediated effector pathways that lead to a cascade of events causing graft damage and the clinical symptoms of chronic rejection [4] .
An interesting finding in our study was the high frequency observed for HLA-Ã A24 (P = 5.0 x 10
) and HLA-Ã B14 (P = 0.002) in donors of patients with chronic rejection compared to donors of patients with stable graft function. To our knowledge, there are no reports in the literature describing association of these two alleles with rejection. However, it has been reported that HLA-Ã A24 is capable of increasing response of cytotoxic CD8+ T cells, thereby protecting individuals with this allele against H1N1 influenza A viral infection [41] and Epstein-Barr virus [42] . Moreover, HLA-Ã A24 has been used within a pool of antigens for the study of human T cell response in autoimmune diseases [43] . This once more confirms that certain HLA antigens of the donor may increase host immune response against the graft and thus promote the onset of chronic rejection.
In the literature, there is an abundance of information describing the influence of NK cell alloreactivity on the outcome of kidney transplantation. Vampa et al. performed a study in vitro that demonstrated an increment of NK cell cytotoxicity after transplantation in patients Role of KIR and their HLA ligands in kidney transplantation outcome with an activating KIR gene specific for HLA class I ligands of the graft [11] . Nowak et al. found that the KIR2DS5 activating receptor conferred protection against onset of acute rejection, particularly in patients lacking the deletion variant of the KIR2DS4 activating gene [8, 44] . This protective effect was not confirmed by Kunert et al. who instead found that inhibitory rather than activating KIR genes were capable of reducing the risk of acute graft rejection [45] . In our study, we did not find a protective effect for the KIR2DS5 activating KIR gene against chronic rejection, analyzed both alone or in combination with the full length KIR2DS4 gene. However, this result may possibly be explained by diversity in the immunogenetic mechanisms underlying acute and chronic rejection [46] . Overall, our data suggest a role for inhibitory KIR genes and their ligands in potentiating the risk of chronic rejection and reducing long term graft survival. First of all, we observed a highly significant frequency for C1 homozygous donors in the group of patients with chronic rejection (Table 5) . Binding and functional studies show that the strengths of KIR/HLA-C inhibitory interactions vary. In particular, KIR2DL1 interaction with HLA-C2 is considered to be the combination with the strongest inhibitory effect whereas KIR2DL2/L3 interactions with HLA-C1 confer weaker inhibitory effects [47] . Therefore, allografts that only express HLA antigens of the C1 group may directly increase cytotoxicity of NK cells or activate other effector pathways.
Kunert et al. describe better outcomes in patients with grafts from donors homozygous for HLA-C group C2 alleles (P = 0.052). This is probably because interaction between donorderived NK cells and recipient dendritic cells occurs with more feeble activation of indirect alloreactivity in HLA-C2 than in HLA-C1 positive recipients [45, 48] . Role of KIR and their HLA ligands in kidney transplantation outcome Another relevant finding in our study was that patients with chronic rejection had significantly reduced frequencies of rKIR2DL1/dHLA-C2 and rKIR3DL1/dHLA-Bw4 (Table 5 ). This immunogenetic profile may determine an increase in the number of uneducated NK cells, which besides being less potentiated are less sensitive to inhibition by self HLA (Fig 3) . The Kaplan-Meier curves clearly show the increased risk for chronic rejection in patients with low NK cell inhibition (lacking the rKIR2DL1/dHLA-C2 and rKIR3DL1/dHLA-Bw4 functional units) compared to those with either partial or high NK cell inhibition (Fig 1) .
Immunosuppressive drug regimens are at least partially capable of containing the negative effects of this immunogenetic profile, particularly in the early post-transplantation phase. Nonetheless, at 12 months after transplantation, GFR in kidney graft recipients completely lacking the KIR2DL1/ dHLA-C2 and KIR3DL1/dHLA-Bw4 functional units was generally lower than in patients with one or both of these combinations. This difference progressively increased, reaching statistical significance at 24 months after transplantation (Fig 2) .
The absence of both these functional units was not a frequent finding in our cohort of patients (16/174, 9.2%), nor in our group of 221 controls (22/221, 10.0%). Indeed, the presence of NK cells deprived of functional receptor-ligand units critical to their activity may create an imbalance between activating and inhibitory signals and consequential defects in NK cellmediated cytolysis.
In agreement with the current literature, it is possible that such subpopulations of NK cells promote the development of chronic rejection by accelerating maturation and migration of graft-infiltrating host dendritic cells (DC). Priming of the adaptive immune system via Role of KIR and their HLA ligands in kidney transplantation outcome NK-DC immune synapse leads to T-helper type-1 (Th1)-dominated immune response mechanisms [48, 49] . Moreover, NK-DC interaction is facilitated by the high levels of interleukin-15 (IL-15) expressed by the kidney in the early post-transplantation stage [50] .
In our study, the selection of recipient and donor pairs fully matched for the DR locus was aimed at minimizing the effects of humoral and cell-mediated adaptive immunity in order to better evaluate the impact of NK cell alloreactivity on the development of chronic rejection. Ten percent of our patients had low levels of NK cell inhibition (completely lacking the two functional combinations rKIR2DL1/dHLA-C2 and rKIR3DL1/dHLA-Bw4) and a higher risk of chronic rejection. Such patients could benefit from immunosuppressive therapy based on alternative drugs capable of reducing NK-cell cytotoxicity, such as rapamycin and mycophenolate [51] . However, further study will be required to evaluate the impact of these findings on the large majority of patients transplanted from HLA-DR mismatched donors.
Overall, our data add two more pieces to the complex puzzle of cell-mediated chronic rejection and loss of graft function, which may contribute to current practices of risk assessment and help optimize the results of kidney transplantation. 
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